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Abstract
Effective management of agricultural pests depends upon accurate identification
of those pests. In Washington State, identification of the apple maggot, Rhagoletis
pomonella, is hindered by the presence of Rhagoletis zephyria, a morphologically almost
identical species. Using real-time polymerase chain reaction (qPCR), I identified three
markers which differ in allele frequency between the two populations. Using these
markers and the software NewHybrids, I was able to identify pure R. pomonella, R.
zephyria, and hybrid flies collected from apple, snowberry, and blackhaw fruit in
Bellingham, WA, and flies collected from blackhaw in central Washington. Modeling
reveals that NewHybrids is able to distinguish 97.7% of pure R. pomonella flies, 100%
pure R. zephyria flies, and 95% first-generation hybrid (FI) flies. Additional markers can
be used to identify backcrossed (BC) and second- generation hybrid (F2) flies. These
markers provide additional tools for agricultural monitors to check the spread of this
persistent agricultural pest and for researchers studying the unique evolutionary history of
these sister taxa.
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Introduction
The development of rapid and relatively inexpensive DNA technology has provided an
additional tool for distinguishing between species, especially in the case of cryptic species
(Hebert, 2004). Cryptic species are almost morphologically indistinguishable, but are genetically
dissimilar from each other. The presence of cryptic species in a population has implications on
measurements of diversity, conservation, and management (Hebert, 2004). In Washington,
identification of the agricultural pest Rhagoletis pomonella (the apple maggot) is complicated by
the presence of the cryptic Rhagoletis zephyria (the snowberry maggot). Currently, the two
species are identified using morphological measurements. However, because of variation in
body size, these measurements are not always conclusive (Yee, 2009). Additionally,
morphological analysis can only be applied to adult individuals, while it is the larval (“maggot”)
stages which cause damage to the fruit. The goal of this study is to identify genetic markers
which can be used to distinguish R. pomonella from R. zephyria in Washington. These markers
will provide a novel tool for both agricultural managers and scientific investigators—applicable
for flies of all developmental stages, as well as damaged adult specimens.

Rhagoletis zephyria (left) and Rhagoletis pomonella (right) (Schwarz Lab, WWU)
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Background
The genus Rhagoletis is a model for sympatric speciation (speciation without
geographic isolation) (Bush, 1969). Rhagoletis pomonella (Walsh, 1967) is native to
eastern North America, where it infests hawthorns (Crataegus sp). In the 19^ century R.
pomonella expanded its range to include apples (Malus sp.) introduced from Europe
(Bush, 1969). Similar host shifts have occurred to rose (Prokopy, 1980), cherry, plum,
and pear (Yee, 2006). Observation of these shifts and the resulting reproductive
isolation between populations lead to the formulation of a model for sympatric speciation
via host shift (Bush, 1969). Because mating and egg laying occurs on the host fhiit,
Rhagoletis populations are usually sexually isolated by their host fidelity (Feder, 1999).
Host races may also become temporally isolated emergence times alter in response to a
new host’s fhiiting cycle (Smith, 1988). However, reproductive isolation is incomplete
in many cases, as illustrated by the production of viable hybrids in the lab (Prokopy,
1980; Yee, 2010) and the identification of genetic flow between several species in the
wild—notably R. zephyria and R. mendax in the eastern United States (Schwarz, 2005)
and R. pomonella and R. zephyria in the west (Feder, 1999). The maintenance of host
specific populations despite gene flow, the effect of hybrids on wild populations, and the
changes necessary to shift hosts are all sources for scientific investigation.
Study of Rhagoletis flies also has economic implications. Many of the fruits
infested by Rhagoletis are economically important crops. In Washington, the infestation
of apples by R. pomonella is of particular concern. The United State is the second largest
producer of apples, and Washington State accounts for 60% of this production
(Agriculture, 2011). Because of the ability of R. pomonella to switch to new hosts and
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rapidly invade new regions, fresh apples must be certified to be maggot-free before
export. The Washington Department of Agriculture rigorously monitors apple maggots
using sticky traps to catch adult flies (Apple, 1993). Accurate identification is essential to
support economic and ecological goals: misidentification of R. zephyria results in
economic loss for orchards as well as premature expansion of the quarantine region,
while misidentification of R. pomonella delays implementation of preventative measures
to check the spread of the pest into new regions.

APPLE MAGGOT
QUARANTINE AREA
DO NOT TRANSPORT
HOMEGROWN
TREE FRUIT
inn Hr. c#
*:*

Jj

Signs found along 1-5 in Washington alert travelers to the presence of apple maggot
quarantine (WSDA)

Currently, individuals are identified as either R. pomonella or R. zephyria based
on morphological differences. Females are distinguished using the length of the
ovipositor, while males are identified based on the orientation of their surstyli (Yee,
2009). However, there is overlap in these measurements between the species,
compounding the possibility of misidentification (Yee, 2009). Genetic markers would
provide an additional tool for distinguishing these two species. Members of the

Rhagoletis species complex have proved extremely difficult to separate using genetic
markers: no diagnostically fixed allelic differences have been found between R.

pomonella and R. zephyria (McPheron et al, 1988; Feder et al., 1999; Berlocher 2000).
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However, researchers have identified differences in allele frequencies between
populations of R. pomonella infesting apples and hawthorns (Xie, 2008), as well as
different allelic frequencies between R. pomonella and R. zephyria (Feder, 1999). The
goal of this study is to identify markers with varying allele frequencies between the
populations, providing an alternative to diagnostic markers.
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Methods
Sample Collection
Pupae were collected from fallen fruit from four populations of Rhagoletis: R.
pomonella from apples {Malus sp.) and blackhaw (prunifolium spp.) in Bellingham, WA;
R. zephyria from snowberry {Symphoricarpos spp.) in Bellingham WA; and R. pomonella
from blackhaw sites in Eastern Washington (Kittitas, Klickitat, Walla Walla, and Yakima
counties).

DNA extracts were made using the DNAeasy tissue kit (Qiagen, Hilden,

Germany), according to the manufacturer’s recommendations.

Genotyping
Five potentially diagnostic alleles were identified using GeneBank and screened
using R. pomonella and R. zephyria samples from Bellingham apple and snowberry. Of
these five, three exhibited different allele frequencies between the two populations and
were selected for further analysis. Individuals were genotyped using Real-Time PCR
(qPCR) reactions, which uses fluorescently labeled primers to indicate the presence of
specific alleles. qPCR reactions were performed twice for each individual. Additional
reactions were performed when necessary to clarify conflicting results.

Data Analysis
The genetic data of the four populations was analyzed using the software
NewHybrids v. 1.0 (Anderson, 2001), which uses a Bayesian model to calculate the
posterior probability (pp) that an individual belongs to one of six different genotype
frequency classes, based on their genotypes. I used uniform priors and 1,000,000 steps
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for sampling. Each run was repeated three times and pp values were averaged for each
category and individual. I assigned individuals to a specific class when pp>0.95.
Individuals with 0.95> pp^O.5 were tentatively assigned to a class. Individuals with
pp<0.5 were classified as generic hybrid if the sum of the pp of the first-generation
hybrid (FI), second-generation hybrid (F2), and backcross (BC) categories was >0.5.
There were no flies which did not fit one of these criteria. This analysis was repeated
with the inclusion of eight additional microsatellite and allozyme markers.
The diagnostic power of each marker used in the study was calculated by
estimating the allele frequency differential between the two species, 5 (Shriver et al.,
1997). 5 is calculated I/2 2 | (Px - Py) |, where px - py is the difference between the allele
frequencies of the two populations at a specific locus.
To test the ability of NewHybrids to correctly assign known flies of known
genetic background, I used the program HybridLab to create FI, F2, and BC individuals
from model parental populations with the same allele frequencies as the pure individuals
(p>0.95). The resulting model populations were analyzed using NewHybrids and were
scored to assess the accuracy of NewHybrid’s classification.
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Results
Population structure and diagnostic loci
NewHybrids grouped the individiuals into two distinct groupings; one group
containing all apple and blackhaw origin flies, the other made up of snowberry origin
flies. Analysis using the three selected markers classified all Bellingham blackhaw and
apple origin flies as pure or putative pure R. pomonella (Figure 1). All Bellingham
snowberry flies were classified as pure R. zephyria. In the eastern samples, I found 3
possible BC R. pomonella flies and two possible pure R. zephyria flies (Figure 1). The
remaining eeistem flies were all pure R. pomonella.
Inclusion of the eight additonal makers in the analysis classifies more individuals
as hybrid, though the populations still retain the disticnt grouping (Figure 2). Using the
eleven markers, I identified 1 BC R. pomonella and 1 undetermined hybrid in the
Bellingham apple flies; 2 BC R. pomonella and 1 undetermined hybrid in the Bellingham
blackhaw flies; and \0BC R. pomonella, 1 BC R. zephyria, and 1 undetermined hybrid
in the central Washington flies (Figure 1). All the Bellingham snowberry samples were
pure or putative R. zephyria.
The majority of markers used in this study have high diagnostic power, with an
allele frequency differential ranging from S=1 to 6=0.5, though two markers, P22 and
Idh, had allele frequecncy differentials of 6=0.49 and 6=0.06, respectivly (Figure 3).
P2956 appears to be fiilly diagnostic.
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Accuracy of NewHybrids
Using the three loci, NH correctly identified 97.7% of all pure R. pomonella,
100% of all pure R. zephyria, 95% of FIs, and 16.7% of F2s (Figure 4). The program
classified the remaining 2.3% of pure R. pomonella individuals as general hybrids and the
remaining 5% of FI as general hybrids. 30.3% of F2 flies were classified as FI, 33.7%
were general hybrids, and the remaining were all pure R. pomonella or v R. zephyria. NH
was unable to correctly identify any BC individuals; -50% of the time these individuals
were considered to be pure R. pomonella or R. zephyria individuals, while the remainder
were considered undetermined hybrids.
Using all eleven loci, NH correctly identified 93.5% of pure R. pomonella flies,
99.5% of pure R. zephyria, 77.5% oiR. pomonella BC, 93.5% of FI, 69% of F2, and
77% ofR. zephyria BC (figure 4). The remaining 6.5% of pure R. pomonella flies were
identified as either BC R. pomonella (6%) or undetermined hybrids (0.5%). Incorrectly
assigned pure R. zephyria were all assigned as BC R. zephyria. 6% of BC R. pomonella
were assigned to the F2 category, 3.5% were considered FI, 7.5% were R. pomonella,
and 5.5% were undetermined hybrids. The incorrectly assigned BC R. zephyria were
assigned as FI (4.5%), F2 (6%), R. zephyria (6.5%), and undetermined hybrid (6%).
1.5% of FI flies were assigned as BC R. pomonella, 0.5% as BC R. zephyria, and 4.5% as
undetermined hybrid. The remaining F2 flies were assigned as FI (5%), BC R.
pomonella (16.5%), BC R. zephyria (8%), and undetermined hybrid (2.5%).
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Figure 1; Proportion of individuals allocated to each genotype classe. Individuals came
from Bellingham Apple (n=23), Bellingham blackhaw (n= 16), Bellingham snowberry,
(n=23), or Eastern blackahw (n= 20) fruit.
(a)

(b)

Bellingham Apple

(a)

(b)

Bellingham Blackhaw

■ Undetermined Hybrid

bFI

■ Pomonella

■ Putative Pomonella

Bellingham Snowbeny

Eastern Blackhaw

■ Backcross with Pomonella BBackcross with Zepbyria
Zephyria

Putative Zephyiia
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Figure 2: Population structure as determined by NewHybrids based on three diagnostic
loci, PI700, P22, and P2956 (a) and eight additional markers (b). Each column
represents one individual. Groups of columns represent distinct populations, designated
by host plant and location.
(a) P1700, P22, P2956

Bellingham Apple

Bellingham Blackhaw

Bellingham Snowberr>’

Eastern Blackhaw

Bellingham Blackhaw

Bellingham Snowbetry

Eastern Blackhaw

(b) All markers

Bellingham Apple

■ Pure Pomonella

Pure Zephyria

« Backcross with Zephyria ■FI Hybrid

■ Backcross witti Pomonella
■ F2 Hybrid
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Figure 3: Ranking of loci based on S, a measure of the diagnostic power of a locus. S is
calculated as 14 S | Px- Py |, where Px and Py are the frequencies of a specific allele in
population X and Y.^ PI700, P2956, and P22 (boxed) were used as diagnostic loci to
distinguish R. pomonella and R. zephyria.
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Figure 4: Percentage of simulated individuals of known genetic origin correctly
classified by New Hybrids. Use of the three diagnostic loci resolved the majority of R.
pomonella, R. zephyria, and FI individuals. Inclusion of eight additional loci
successfully identified most BC and F2 flies.
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Discussion
The goal of this study was to identify genetic markers capable of distinguishing R.
pomoncllQ from R. zcphyviQ. The three markers I selected consistently grouped apple and
blackhaw origin, distinct from snowberry origin flies This division is consistent with the
evolutionary history and ecological preferences of R. poinonclla and R. zephyria. The
most informative marker, P2956, appears at this time to be fixed in the Bellingham R.
zephyria population—in our screen of 23 individuals, I found no heterozygous flies. Its
apparent fixation in the Bellingham R. zephyria population could be the result of
selection, acting either on P2956 or on nearby genes. However, further sampling,
including R. zephyria from central Washington, is needed before P2956 can be
considered a fixed diagnostic difference.
Using the three selected loci, NewHybrids was able to correctly assign the
majority of pure and FI simulated flies. The program was unable to identify any BC
individuals. However, for agricultural analysis confusion of a BC R. pomonella as pure
R. pomonella is trivial, as both will infest apples. The same is true for BC R. zephyria
flies. Difficulty arises when identifying F2 flies, however use of additional markers can
increase the accuracy of the identification.
The results of this study further indicate the presence of gene flow between R.
pomonella and R. zephyria. This gene flow appears to be asymmetric, with more R.
zephyria alleles found in R. pomonella populations that vice versa, results consistent with
earlier findings (Schwarz, unpublished data). Additionally, more evidence of
introgression is found in central Washington flies than in Bellingham flies. This perhaps
reflects the later arrival of these flies in central Washington. Rhagoletis pomonella was
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first detected in Washington in 1980 and cjuickly spread throughout western Washington.
In contrast, it was not until 2004 that Kittitas and Yakima counties in central Washington
were Quarantined. Given the more recent introduction of R. potnonsllci into these areas,
one explanation for the greater degree of admixture in the population could be that there
has not been enough time for barriers to gene flow to arise in central Washington, as they
have in western Washington. Another possibility is that the small size of founder
populations increased the probability of hybridizing with larger, well established R.
zephyria populations. Further information about the population structure of R. zephyria
in eastern and central Washington is needed to understand the degree of introgression
between the two species.
The ever expanding ease and accessibility of genetic technology has led to the
tantalizing possibility of using genetic markers to identify species, in lieu of
morphological measurements and ecological descriptions.

However, in the case of

sibling species such as R. pomonella and R. zephyria, which are separated by host
fidelity, such fixed diagnostic markers may be difficult or impossible to find. Some
researchers suggest that Rhagoletis taxa are best described as ‘quantitative genetic’
species, species distinguished by differences in allele frequencies, rather than fixed
genetic differences (Mallet, 1995). While this presents a challenge for species diagnosis,
this study demonstrates that genes which differ in allele frequencies between two
Rhagoletis species can be used in place of diagnostic markers to distinguish individuals.
Such markers can provide an alternative method for agricultural monitoring, helping to
check the spread of this persistent, cryptic agricultural pest.
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